Surface-bonded lead zirconate titanate (PZT) transducers have been widely used for guided wave generation and measurement. For selective actuation and sensing of Lamb wave modes, the sizes of the transducers and the driving frequency of the input waveform should be tuned. For this purpose, a theoretical Lamb wave tuning curve (LWTC) of a specific transducer size is generally obtained. Here, the LWTC plots each Lamb wave mode' amplitude as a function of the driving frequency. However, a discrepancy between experimental and existing theoretical LWTCs has been observed due to little consideration of the bonding layer and the energy distribution between Lamb wave modes. In this study, calibration techniques for theoretical LWTCs are proposed. First, a theoretical LWTC is developed when circular PZT transducers are used for both Lamb wave excitation and sensing. Then, the LWTC is calibrated by estimating the effective PZT size with PZT admittance measurement. Finally, the energy distributions among symmetric and antisymmetric modes are taken into account for better prediction of the relative amplitudes between Lamb wave modes. The effectiveness of the proposed calibration techniques is examined through numerical simulations and experimental estimation of the LWTC using the circular PZT transducers instrumented on an aluminum plate.
Introduction
Structural health monitoring (SHM) and non-destructive testing (NDT) are an integrated process of sensing, information technology and statistical inference used to ensure the integrity of a structure and to provide early warning of critical damage. There is an increasing demand to adopt SHM and NDT technologies for monitoring and maintenance of aerospace, civil infrastructure and mechanical systems.
Recently guided waves have become popular for these SHM and NDT applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Here, guided waves are those that require a boundary or boundaries for their existence, such as surface waves, Lamb waves, and interface waves [12] . The advantage of guided wave based SHM/NDT techniques is that guided waves have a sensing range that is in between those of conventional NDT techniques and global SHM techniques. Conventional NDT techniques generally focus on localized damage detection with a relatively high frequency bandwidth of MHz, and the data interpretation is typically reliant on human interpretation. On the other hand, global SHM methods utilize the global vibration characteristics of a structure, such as its natural frequencies, typically in a relative low frequency range to assess the overall structural integrity. Surfacemountable wafer-type piezoelectric materials such as lead zirconate titanate (PZT) are widely used to excite and measure guided waves for SHM and NDT applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
As part of the design process prior to actual experiments, a Lamb wave tuning curve (LWTC) is required to determine the proper PZT transducer size and the input driving frequency for selective generation and sensing of Lamb waves [13] [14] [15] [16] [17] . Here, the LWTC is the amplitude plots of symmetric and antisymmetric Lamb wave modes against the driving frequency. However, the theoretical LWTCs obtained from the analytical Lamb wave propagation model do not often match well with the experimental ones. Several possible culprits for these discrepancies are explained below.
First, the shape of the exciting and sensing PZTs as well as their size should be properly reflected for the generation of the theoretical LWTC. The excitation-sensing models for 2D PZT transducers, 3D rectangular PZT transducers, 3D circular PZT actuators and rectangular PZT sensors have been developed [13] [14] [15] [16] [17] .
However, a theoretical Lamb wave propagation model for a set of circular PZT actuators and sensors has not been fully developed yet. Since circular PZT transducers are commonly used due to their omnidirectional Lamb wave generation and sensing capabilities, the incorporation of an improved sensing model for a circular PZT transducer into the LWTC is warranted.
Second, the existing LWTC models do not properly reflect the relative energy distribution between symmetric and antisymmetric Lamb wave modes when they are excited with a single surface-bonded PZT actuator. It can result in a significant amplitude discrepancy between theoretical and experimental LWTCs. The existing LWTC models are obtained based on the assumption that excitation energy is equally distributed between symmetric and antisymmetric modes. Therefore, amplitude adjustment is necessary among symmetric and antisymmetric modes when a single PZT transducer mounted on the single surface of the specimen is used for excitation.
Another issue is that the PZT transducer is not fully coupled with the host structure due to the bonding layer, and consequently, the effective PZT size felt by the structure becomes less than the physical PZT size. In this study, the PZT size, reduced from the physical PZT size due to the bonding layer, is called the 'effective PZT size' [17] . A common model used to consider the bonding layer effect is the shear lag model [17] [18] [19] [20] . It describes the efficiency of the force transmission between the structure and the PZT transducer through the bonding layer. The limitation of the existing shear lag model is that the material properties and thickness of the bonding layer should be known in advance although they are hard to measure in practice.
To resolve these issues, this study develops (1) a theoretical LWTC model between a pair of circular PZT transducers; (2) amplitude adjustment techniques among Lamb wave modes considering strain distributions across the thickness of the structure; and (3) calibration methods of the effective PZT size considering the bonding layer effect of the exciting and sensing PZT transducers. This paper is organized as follows. In section 2, first, a Lamb wave propagation model between exciting and sensing circular PZT transducers is developed. Then, the adjustment techniques of relative amplitudes between Lamb wave modes are presented, and the effective PZT size is estimated using the shear lag model and the PZT admittance measurement. Then, LWTCs are obtained from numerical simulations and experimental tests, and those LWTCs are compared with the theoretical one to validate the proposed calibration techniques. Finally, this paper concludes with a summary and discussions for future work.
Theoretical development
This section introduces a theoretical framework for an improved LWTC model specifically considering the circular shape of PZT transducers. The detailed procedures are (1) to derive the response model of a circular PZT sensor when a harmonic excitation is applied to another circular PZT actuator; (2) to develop the calibration method that adjusts relative amplitudes among fundamental Lamb wave modes considering strain distributions across the thickness of the plate; and (3) to estimate the effective PZT size based on the shear lag model and the admittance measurement of the PZT transducers. Figure 1 shows an infinite isotropic plate with one pair of exciting and sensing circular PZT transducers mounted on the top surface (z = b). The exciting PZT of radius a is placed at the origin of the coordinate (r = 0), and the sensing PZT of radius c is located at a distance of r s . Due to the axisymmetric assumption of the circular PZT transducers, the angular displacement in the cylindrical coordinate system (u θ = 0) and the derivative in the angular direction (∂/∂θ = 0) are zero. The exciting PZT is assumed to produce surface shear stresses; τ zr (z = b) = τ 0 δ(r − a)e iωt and τ zz (z = b) = 0. δ() is the Dirac impulse function and τ 0 is the amplitude of the shear stress. Note that the exciting PZT is assumed to generate radial shear stresses along its circumference on the plate surface z = b in this study. The corresponding radial displacement generated by the exciting PZT bonded on the structure becomes [14] :
A Lamb wave propagation model between exciting and sensing circular PZT transducers
where
2 sin αb cos βb + 4ξ 2 αβ cos αb sin βb λ and μ are Lame constants for the structure material, and ρ b is the material density of the structure. The superscripts or subscripts S and A denote the symmetric and antisymmetric Lamb modes, respectively. The wavenumber ξ of a specific Lamb wave mode at a given angular frequency ω is obtained from the solutions of the Rayleigh-Lamb equation in an isotropic plate. J 1 ( ) is the Bessel function of order 1 and H
1 ( ) is the complex Hankel function of order 1 of the second type.
By modeling the sensing PZT as a capacitor, the output voltage of the sensing PZT is described as the ratio of the accumulated charge (Q P ) to the capacitance value of the sensing PZT (C P ):
where E s , h s and A are Young's modulus, thickness, and surface area of the sensing PZT, respectively. g 31 is the xzdirectional piezoelectric voltage constant, ε ii is the sum of ε rr and ε θθ . In the case of a sensing PZT with a circular shape, the area integral in equation (2) becomes
By substituting the radial displacement in equation (1) into (3), the output voltage becomes
where H (2) 0 ( ) is the complex Hankel function of order 0 of the second type. Since the strain generated at a distance r from the center of the exciting PZT is constant along the arc line of the sensing PZT (l(r )) in figure 2 , the output voltage of the sensing PZT can be easily calculated by a simple line integral. Note that the axisymmetric wave propagation is assumed by neglecting the disturbance of the propagating waves caused by the sensing PZT. To obtain two intersection points between the generated radial strain field and the sensing PZT, equations of two circles, one with center (0, 0) and radius r and the other with center (r s , 0) and radius c, are introduced as follows:
Based on equations (5) and (6), the two intersection points between two circles become
From the two intersection points above, the central angle for the arc line l(r ) is obtained as
(8) Substituting equation (8) into the surface integral in equation (4) produces the following linear integral:
Equation (9) shows the output voltage of the circular sensing PZT when the circular exciting PZT generates Lamb waves.
Adjustment of relative amplitudes between fundamental Lamb wave modes
Here, relative amplitudes between fundamental Lamb wave modes are adjusted considering the strain distribution throughout the thickness of the plate when the exciting PZT transducer is attached only to a single surface of the plate. First, the strain distribution across the thickness is assumed to be frequency-independent and vary linearly. Next, the frequencydependent nonlinear strain distribution is considered. Note that this approach can readily be extended to higher order modes because the strain profiles along the thickness (i.e. the proposed amplitude adjustment factors) can be calculated for the higher modes.
Amplitude adjustment based on frequency-independent linear strain distribution.
In this subsection, an amplitude adjustment technique is conceived based on linear strain distribution. The existing LWTC models assume that the input energy generated by the exciting PZT transducer is equally divided between fundamental symmetric and antisymmetric modes. However, this assumption is only valid when a pair of collocated PZT transducers are placed on both sides of the structure and used to excite symmetric and antisymmetric modes independently. On the other hand, when a single PZT transducer attached to a single surface of the plate is used for excitation, the generated strain energy can be decomposed into the contributions of symmetric and antisymmetric modes based on a linear strain assumption across the thickness of the plate, as shown in figure 3 . Note that figure 3 describes the moment of excitation (at an instantaneous moment of excitation) with a PZT actuator to find an energy distribution between Lamb wave modes. At that moment, the bottom surface would be free from in-plane and out-of-plane stresses as an initial condition. In this study, only fundamental symmetric (S 0 ) and antisymmetric (A 0 ) Lamb wave modes are generated in the frequency range examined in this study [18] .
Since the bottom surface of the structure in figure 3 is free, the sum of strain distributions of S 0 and A 0 modes should be zero at the bottom. Considering the shape of each Lamb wave mode, the total strain profile is decomposed into symmetric and antisymmetric modes as shown in figure 3 . Here, the total area of the symmetric mode's strain is twice as large as that of the antisymmetric mode. Since the strain energy (U ) of each mode is proportional to the square of the total strain of each mode, the strain energy distribution between the symmetric and antisymmetric modes becomes
The theoretical LWTC for circular PZT transducers based on equation (9) can be adjusted considering equation (10) for the better prediction of relative amplitudes between the symmetric and antisymmetric modes. Note that equation (10) is applicable only to the exciting PZT. Subsequently, the output voltage corresponding to symmetric and antisymmetric modes can be adjusted by introducing constant amplitude adjustment factors (AAFs), 4/5 and 1/5, into the two terms of equation (9), respectively:
Amplitude adjustment based on frequency-dependent nonlinear strain distribution.
In section 2.2.1, the frequencyindependent linear strain distribution model is assumed for amplitude adjustment. However, this assumption becomes inadequate as the driving frequency increases because the strain distribution becomes nonlinear at higher frequencies.
In this subsection, another adjustment technique is proposed with the assumption of frequency-dependent nonlinear strain distribution. Giurgiutiu and Lyshevski developed the longitudinal displacement field model based on Lamb wave equations [13] . The longitudinal (x-direction in figure 2) strain distributions through the thickness are derived for symmetric and antisymmetric modes as following:
From equations (12) and (13), through-the-thickness profiles of x-directional strain of the symmetric and antisymmetric modes and their sum are computed at various frequencies, as shown in figure 4 . Similar to the simulation results reported by Giurgiutiu and Lyshevski [13] , it can be shown that the strain distribution through the thickness becomes nonlinear as the driving frequency increases. Figure 5 shows the comparison of the frequencyindependent and frequency-dependent AAFs. As expected from the strain distributions in figure 4 , the frequencydependent AAFs converge to the frequency-independent AAFs as the driving frequency decreases. Therefore, it is expected that the linear strain distribution model would be sufficient in a low frequency range. Similar to equation (11) , the output voltage of the sensing PZT can be adjusted by using two frequency-dependent AAFs as
where p(ω) and q(ω) are the frequency-dependent AAFs for the fundamental symmetric and antisymmetric modes, respectively. Comparison between the frequency-independent and frequency-dependent amplitude adjustment factors (AAFs). It is shown that the frequency-dependent factor approaches the frequency-independent one as the driving frequency decreases.
Estimation of the effective PZT size
In this subsection, the estimation methods of the effective PZT size are presented by considering the influence of a bonding layer on the efficiency of the exciting or sensing PZT. The detailed procedures are (1) to introduce the existing calibration method based on the existing shear lag model, (2) to modify it for 3D circular PZT transducers, and (3) to propose a new estimation method based on the PZT admittance measurement.
2.3.1.
Estimation of the effective PZT size using the existing shear lag model. It is known that generally a surfacebonded PZT transducer is not perfectly coupled with the structure due to its bonding layer, this is called the shear lag phenomenon [18] [19] [20] . Bhalla and Soh estimated the effective length of the PZT transducer (l a eff ) [20] ;
where l a is the physical length of the PZT transducer. This effective PZT length (l a eff ) is applied to the computation of the theoretical LWTC instead of the physical PZT length (l a ). The parameter is called the 'shear lag parameter', depends on the excited Lamb wave mode and is defined as [17] [18] [19] 21 ]
where G ad is the shear modulus of the adhesive. E a and E b are Young's modulus of the PZT transducer and the structure, respectively. h a , h ad and h b (=2b) are the thicknesses of the PZT transducer, the adhesive and the structure, respectively. w a and w b are the widths of the PZT transducer and the host structure, respectively. κ is a coefficient that is 1 or 3 for S 0 or A 0 modes, respectively.
2.3.2.
Estimation of the effective PZT size using a 3D circular shear lag model. Note that the previous shear lag model is mainly for rectangular PZT transducers and not suitable for circular PZT transducers. Therefore, the existing shear lag model is modified here for 3D circular PZT transducers. As shown in figure 6 , it is assumed that the strain is constant across the thickness of the PZT transducer and the radial motion is axially symmetric and consequently the angular components among stresses (σ θ , σ rθ ) and the derivative in the angular direction (∂/∂θ = 0) are zero. Force equilibrium along the radial direction of the infinitesimal element of the PZT transducer gives
Similarly, moment equilibrium in the PZT transducer along the radial direction yields
Note that the high order terms are neglected. The strains can be expressed in terms of the displacements as follows:
Substituting equation (19) into (17) and (18) provides
where ζ = ε a /ε b − 1. The shear lag parameter of the antisymmetric mode for a 3D circular PZT transducer is described as
In a similar way, the shear lag parameter of the symmetric mode is obtained as
Although these shear lag models describe the effect of a bonding layer well, it is hard to characterize all the material properties of the PZT transducer, the structure, and the adhesive. In particular, it is difficult to precisely measure the shear modulus of most adhesive materials. Moreover, the thickness of the bonding layer varies during the implementation of each PZT transducer. Admittedly, it is challenging and time-consuming to measure the thickness using additional equipment. These practical issues evoke an alternative calibration method based on PZT admittance measurement.
Estimation of the effective PZT size using PZT admittance measurement.
Here, a new calibration method is developed to estimate the effective PZT size only using the measured PZT admittance values without any material property information of the PZT transducer, the structure, and the adhesive. This concept is inspired by the way in which the electromechanical (E/M) impedance method identifies the PZT integrity, which is by examining the slope of the imaginary part of its admittance [22] . Based on the circular PZT admittance model derived by Giurgiutiu and Zagrai [23, 24] the concept to use the measured admittance values from both surface-bonded and free circular PZT transducers is proposed. Consequently, the effective surface area of the circular PZT transducer (A eff ) is described as
where A is the physical area of the PZT transducer. coupling factor. ϕ a = ωa ρs
is the dynamic stiffness ratio, and
is the static stiffness of the PZT transducer. e 33 and s E i j are the z-directional dielectric permittivity and the i j-directional compliance, respectively. J n ( ) is the Bessel function of the first kind.
The advantage of this calibration method is that the PZT admittance measurement can reflect the dependency of the bonding layer effect on the physical PZT size and the driving frequency simultaneously. Also, it does not require any material property information. However, the admittance value of a free PZT transducer should be measured before its attachment to the structure. In addition, to avoid abrupt changes of the theoretical LWTCs due to the resonance frequencies of the measured admittance, a straight line is fitted to the measured admittance when estimating the theoretical LWTCs.
Numerical simulations
In this section, numerical simulations (i.e. finite element analysis) were performed to analyze the effect of the bonding layer on the excitation and sensing of Lamb wave propagation with a pair of 2D PZT transducers. A commercial finite element analysis package PZFlex (www.pzflex.com) was used for the simulations.
Set-up of numerical simulation
For numerical simulations, a 2D aluminum plate of 1200 mm× 3 mm was used under the plain strain assumption, as shown in figure 7 . The thickness of the adhesive layer was assumed to be 0.03 mm during the numerical simulations. A PZT actuator was attached on the top surface of the plate model. The location of the PZTs and the dimension of the plate were carefully determined to properly separate the first arrivals of S 0 and A 0 modes based on their group velocities. A narrowband toneburst input signal with a ±10 peak-to-peak voltage was applied to the top electrode of the PZT actuator. The corresponding output signal was measured through a PZT sensor, as shown in figure 7 . In this study, the driving frequency was varied from 60 to 400 kHz so that only the S 0 and A 0 Lamb wave modes were excited. Note that the maximum mesh size was 0.5 by 0.5 mm, and the sampling rate was 5 MHz. Table 1 shows the material properties of the structure and the adhesive layer used for the numerical simulations [25, 26] and table 2 shows the material properties of the PZTs used in this study (APC-850), respectively [27].
Numerical simulation results
In this subsection, numerical simulations were conducted to investigate the effect of a bonding layer on the LWTC. Then, the effectiveness of the proposed calibration methods were examined by comparing the numerically obtained LWTCs with the theoretical LWTCs.
Comparison of the numerically obtained LWTCs
'with' and 'without' a bonding layer. In figure 8 , LWTCs are simulated numerically with and without including the bonding layer. It clearly shows that the bonding layer results in a substantial horizontal shift of the LWTC. This result substantiates the importance of the bonding layer to obtain a more accurate theoretical LWTC.
Comparison between the numerical and the theoretical LWTCs.
In this subsection, the effectiveness of the amplitude adjustment and the PZT size calibration techniques Table 2 . Material properties of the PZT transducers used for the numerical simulations. was numerically examined by incorporating them into the theoretical LWTC. Figure 9 compares the numerical LWTC with the theoretical LWTCs. Here, the numerical LWTC was obtained by including the bonding layer, and the theoretical LWTCs were computed with and without the amplitude and effective size calibrations. The amplitude adjustment was achieved with the frequency-dependent strain distribution assumption, and the effective size was estimated with the shear lag model. Note that the thickness of the adhesive layer was assumed to be same for both numerical and theoretical LWTCs, and the maximum value of the theoretical S 0 mode LWTC was normalized to match with that of the numerical S 0 mode LWTC. Here, our primary objective is to predict the relative amplitudes between Lamb wave modes, and compare the relative amplitude obtained from theoretical, numerical and experimental studies because the absolute amplitudes of an individual mode generally does not match. Therefore, it is also possible to normalize the theoretical A 0 curve instead of the S 0 curve. As expected, the theoretical LWTC with both the amplitude adjustment and the PZT size calibration shows a good agreement with the numerical LWTC. Note that the discrepancy between the theoretical and numerical LWTCs might occur because the theoretical model does not consider the 33-directional piezoelectric and the PZT inertia effects, which are included in the numerical model. These results are further substantiated with the experimental studies in section 4.
Experiments
In this section, the experimental LWTCs were obtained with various PZT sizes and spacing, and then compared with the theoretical LWTCs in order to validate the effectiveness of the proposed calibration methods.
Experimental set-up
As shown in figure 10(a) , the dimensions of the aluminum plate and the circular PZT transducers used in this study were 1200 mm×1200 mm×3 mm and 10 mm diameter with 0.5 mm thickness, respectively. The driving frequency range of 60-400 kHz was again used in the experimental tests. Figure 10 (b) shows the overall experimental set-up. The data acquisition system consisted of a controller, an arbitrary waveform generator (AWG), a digitizer (DIG) and a low noise preamplifier (LNP). The Lamb wave actuation and sensing were performed using two circular PZT transducers. The data acquisition system was controlled by a commercial software program, LabVIEW. A toneburst signal with a ±10 peak-topeak voltage was generated by the AWG with 16-bit resolution and 100 MHz sampling rate and applied to the PZT actuator. The output voltage was filtered and amplified 100 times by the LNP, and then measured using the DIG that supported 14-bit resolution and 100 MHz sampling rate. The same excitation signal was applied ten times at each input frequency, and the corresponding signals were averaged to improve the signal-tonoise ratio. A time interval of 1 s was taken between two adjacent input excitations to minimize vibration interference among subsequent excitations. Figure 11 illustrates the comparison of the experimental LWTC and the theoretical LWTC without any calibrations. Note that the maximum value of the theoretical S 0 mode LWTC was normalized to match with that of the experimental S 0 mode LWTC for a fair comparison. It clearly shows that the existing LWTC model without any calibrations can cause significant amplitude and local maximum frequency discrepancies. In the following two subsections, these two issues are consecutively examined in detail. 
Comparison between the experimental LWTC and the theoretical LWTC without any calibrations

Comparison between the experimental LWTC and the theoretical LWTC with the linear and nonlinear amplitude adjustments
In this subsection, the proposed amplitude adjustment method based on linear or nonlinear strain distributions across the thickness of the structure were applied to the theoretical LWTC. Figure 12 shows the comparison between the experimental LWTC and the theoretical LWTCs with the linear (frequency-independent) and nonlinear (frequencydependent) amplitude adjustments. The theoretical LWTC with the nonlinear amplitude adjustment shows a slightly better agreement with the experimental LWTC than the linear one. Both the amplitude adjustment methods reduce the amplitude discrepancy and consequently predict the relative amplitudes between Lamb wave modes more accurately. However, there still is the discrepancy between the local maximum frequencies obtained from the experimental and theoretical LWTCs. This issue is investigated in section 4.4.
Comparison between the experimental LWTC and the theoretical LWTC with the PZT size calibration
In this subsection, the theoretical LWTC considering the bonding layer effect was compared with the experimental LWTC. Table 3 shows the effective PZT areas estimated with the two different calibration methods (the 3D shear lag and admittance measurement methods). The 3D circular shear lag method produced an effective PZT area that was about 76% of the physical PZT size. The advantage of this calibration is to estimate the effective PZT size for each Lamb wave mode, individually. However, the difference of the effective PZT areas between S 0 and A 0 modes was almost negligible. On the other hand, the effective PZT area calculated by the admittance method was about 59% of the original area of the PZT transducer. The proposed admittance method considers the unit-to-unit variation of PZT admittance and the frequencydependency of the effective PZT size. This characteristic makes it attractive for real applications. Figure 13 shows the imaginary parts of the measured and curve-fitted admittance of the PZT actuator obtained from the free and surface-bonded conditions. Due to relatively large resonance and antiresonance peaks around 200 kHz in the admittance obtained from the free PZT actuator, a curve-fitting technique was utilized to obtain an effective PZT size. The effective size of the PZT sensor was obtained in the same manner. Figure 14 shows the comparison between the experimental LWTC and the theoretical LWTCs obtained with various PZT size calibration methods. Note that the theoretical LWTCs were normalized by the maximum value of the experimental LWTCs to examine only the effect of the proposed PZT size calibration methods on the horizontal shift of the LWTC. In terms of estimating the local maximum frequencies of S 0 and A 0 modes, both the 3D shear lag and PZT admittance a Note that the 3D circular shear lag model produces two different effective PZT area values for A 0 and S 0 modes and the PZT admittance-based method calculates the effective PZT area for each PZT transducer. The effective PZT area using the PZT admittance-based calibration was averaged within the driving frequency range used in this study. methods show the better prediction than the 'without PZT size calibration' case. Note that calibrating the bonding layer effect is essential to properly predict selective Lamb wave actuation and sensing. For example, the driving frequency of 330 kHz should be selected to maximize the excitation of the S 0 mode. If the driving frequency of 260 kHz were selected based on the 'without calibration' case, both the S 0 and A 0 modes would be generated.
Comparison between the experimental LWTC and the theoretical LWTC with both the amplitude adjustment and the PZT size calibration
In this subsection, both the amplitude adjustment and the PZT size calibration were applied to the theoretical LWTC. Figure 15 shows the comparison between the experimental LWTC and the theoretical LWTC with the proposed frequencydependent amplitude adjustment and the PZT admittancebased size calibration. The theoretical LWTC with the proposed calibration methods show an improved agreement with the experimental LWTCs than the initial theoretical LWTCs in figure 11 .
Different PZT spacing and sizes
In this subsection, the experimental LWTC obtained from different PZT spacing and size cases were measured and compared with the corresponding theoretical LWTC with the proposed amplitude adjustment and PZT size calibration techniques.
With different spacing between PZT transducers.
In this subsection, the experimental LWTC were measured by increasing the PZT spacing to 500 mm and compared with the calibrated theoretical LWTC. Similar to the previous '400 mm spacing' case shown in figure 15 , it is shown that the proposed calibration techniques produce a theoretical LWTC close to the experimental one, as shown in figure 16 . 
With different PZT sizes.
In this subsection, the diameter of the circular PZTs are changed to 12 mm. Figure 17 shows the comparison of the experimental and theoretical LWTCs with two 12 mm diameter circular PZT transducers. Similar to the previous cases, it is shown that the proposed calibration techniques improve the prediction of the theoretical LWTC.
Conclusion
During the design stage of a PZT based Lamb wave experiment, it is important to have a theoretical Lamb wave tuning curve that can properly predict the experiment. In this study, a theoretical Lamb wave propagation model for circular PZT transducers is first derived. Then, an adjustment method of relative amplitudes between Lamb wave modes is developed considering the strain distribution across the thickness of the structure in order to reduce the amplitude discrepancy between the experimental and theoretical LWTCs. Moreover, PZT size calibration methods using a 3D shear lag model and PZT admittance measurement are introduced to estimate the effective PZT size and to shorten the horizontal discrepancy between the experimental and theoretical LWTCs. The effectiveness of the proposed calibration techniques was verified throughout the numerical simulations and the experimental tests. Further research is underway to match the overall shape of the theoretical LWTC with the experimental LWTC because the amplitude adjustment factors consider only the longitudinal strain. A better prediction might be achieved by including the piezoelectric 33-effect and the outof-plane strain. Furthermore, our model does not include any PZT dynamics (or inertia) effects. It is speculated that neglecting the piezoelectric 33-effect and PZT dynamics may have resulted in the shape discrepancy between the theoretical and experimental tuning curves.
